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An investigation was carried out on the use of Nafion perfluorosulfonic acid
membrane in drying sample streams of methylene chloride and 1,2-dichloropropene
(1,2-DCP). The investigation also included ways of altering the surface chemistry of
Nafion so that it could be used in ferric chloride containing solvents which under
normal circumstances would plug the membrane pores and stop transport of water
through the membrane. The transport properties of the membrane are related to the
water content of the membrane. Results obtained indicate that for removal of
moisture from methylene chloride, the surface chemistry of the membrane did not
have to be changed, but for 1,2-DCP the surface chemistry had to be changed.
Better results were obtained with Cr(III) substituted Nafion than for the acid
membrane.
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Significant advances have been made towards the development of methods for
removing moisture from process sample streams. The critical nature of the
moisture level in some of these process sample streams has led, therefore, to
extensive research in industry to find efficient and reliable ways to control the
1 2
moisture content in process sample streams. ’
Nation, a fluorosulfonic acid membrane which is a copolymer of tetrafluoro-
ethylene and fluorosulfonyl monomer, has proven to be particularly efficient as a
3-6
membrane separator. Nation is one of the most hydrophilic substances known.
The Nation type fluorosulfonic acid membrane belongs to a group of polymers
specifically known as ionic polymers. The chemical stability of this fluorosulfonic
membrane and its high water absorption make the membrane a unique long life
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separator in electrochemical and chemical syntheses. ’ ’
Nation is a selective ion exchange membrane. In general, water transfer
across ion exchange membranes is caused by hydrostatic and osmotic pressure
9
differences across the membrane. These in turn depend on the volume fraction of
water content in the membrane. Although the phenomenon of water transport by
the membrane is not well understood, it is assumed that there is no deep chemical
interaction between the water and the material of the membrane. The diffusion of
water across the membrane could be said to be passive.
The equilibrium water uptake by the Nation type membrane is a f.unction of
the polymer equivalent weight, and this water is absorbed into the polymeric
material due to the hydrophilicity of the sulfonic acid groups or ion transport sites.
1
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The water uptake by the membrane is lowered by increasing the equivalent weight of
the membrane. The lower water absorption is a direct consequence of a lower
concentration of the sulfonate groups per unit polymer weight.
Diffusion of water from the sample stream across the membrane is not simply
a physical process. It is very closely related to the idea of sorption and also to
nonequilibrium chemical processes to make the movement of water possible. The
water transport very much depends on the availability of water at the membrane-
solution interface.
EXPERIMENTAL
A multifunction tester was set up as shown in Figs. 1, 2 and 3. The tester
incorporates three multiport valves. The valves are independent so that the tester
could function in any combination of valve positions. Drying of samples using the
tester was by direct immersion of a Nafion tube and dry gas flow-through.
Analysis of water in extracted samples was done using the Karl Fischer Automat
E547 and Multi-Dosimat E415. Constant volume was maintained by introducing
equal volume and approximately the same concentration for every Karl Fischer
sample removed. Data were obtained at different concentrations of water and
nitrogen flow rates. The inlet N2 was dry and water concentration in the exit
was determined via an aluminum oxide hygrometer. Mass balance calculations were
made to determine the accuracy of the hydrometer. Hasegawa et discuss the
performance characteristics and the problems associated with the use of aluminum
oxide humidity sensors.^^
The data obtained for this study were from samples of Nafion tubing 810, with
an equivalent weight of 1100 in the acid form. The tubing had an inside diameter of
0.110 inches and outside diameter of 0.125 inches. The lengths of the tubing used in
each experiment are given in the discussion section for each experiment. The Cr(III)
ion was considered because of its stability, ionic radius, and stronger bonding to
the membrane as compared to ferric ion.^^ The Cr(III) substituted mernbrane was
obtained by treating the acid membrane in 1% HCl to clean it and then boiling for 30
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substituted membranes are those of the equilibrating solution. Before and after
each experiment, the Nafion was analyzed using x-ray fluorescence spectroscopy.
This revealed the Fe, Ni, Cu, Zn, and Cl ions picked up by the Nafion during the
experiment.
Calcium sulfate was used to dry N2 to about 1 ppm moisture, and this dry N2
was used in flushing out the absorbed moisture in the Nafion tube. All the
experiments were run at room temperature. Before each experiment, the
multifunction tester was brought to equilibrium. Drying of samples was initiated
when the N2 flow-through switch was turned on.
RESULTS AND DISCUSSION
Our interest was to use the Nation type fluorosulfonic polymer membrane in
drying sample streams and to change the surface chemistry where applicable. The
rate of H2O transport across the membrane in a given time was calculated using the
following equation,
Rate
where CtQ and Ct^ are concentrations of H2O in the sample at times tQ and t^ and
tj - tp is the time period. Calculations involving the rate of H2O transport per min
and diffusion coefficients were based on mid-point concentrations for a given time
interval. The grouping of the experiments into methods is for convenience and also
to avoid unneccessary repetition.
Removal of moisture from CH2CI2 using acid form Nation membrane.—The
length of Nation tube was used 91 cm. The CH2CI2 was dried from an initial H2O
concentration of 1002 ppm to 70 ppm over a period of 10 hr with a N2 flow rate of
800 ml per min, in the first run. As shown in Table 1, there was a steady decrease in
H2O concentration with drying time. Consequently, the weight of water removed
per hour became smaller as the concentration of water in the sample decreased.
There was an irregularity at the third and sixth hours. This could have been due to
moisture pick up during handling. Figs. 4 and 5 represent plots of H2O concentration
vs. time and hygrometer reading concentration, respectively. Fig. 6 represents
the rate of H2O transport concentration of water in the CH2CI2 sample. As
shown in Fig. 6, the membrane had a maximum transport rate at maximum H2O
concentration. In a second run of this experiment, the CH2CI2 used was dried from
an initial concentration of 910 ppm to 155 ppm over a period of 8 hr. Table 2 shows
data obtained in the second run. Plots of concentration time, hygrometer
reading concentration and rate of H2O transport ys. concentration are also shown
8











21.1 1002 1244 16,000
21.1 714 1215 14,000
20.1 561 1174 10,000
20.2 466 1 133 8,500
21.4 327 1085 6,500
21.6 242 1038 4,500
21.1 220 994 2,700
22.5 154 954 1,700
22.4 110 918 980
22.4 82 888 590




















0.925 0.373 6.8 X 10’^ 11.6 X lO"'*
0.726 0.199 3.6 X 10"^ 8.6 X lO'^*
0.603 0.123 2.3 X 10"^ 7.0 X 10"''
0.423 0.180 3.3 X 10'^ 5.4 X lO"'*
0.313 0.110 2.0 X 10'^ 3.8 X lO"''
0.285 0.028 0.5 X 10'^ 3.1 X 10"'*
0.199 0.086 1.6 X 10"^ 2.5 X 10'''
0.142 0.057 1.0 X 10'^ 1 .8 X 10"''
0.106 0.036 0.6 X 10‘^ 1.3 X 10''*
0.091 0.015 0.3 X 10'^ t0X0
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Fig. 4. Calibration curve obtained for methylene chloride using the Karl
Fischer titrator.
Fig. 5. Calibration curve obtained using the hygrometer reading and the ppm of H2O as
determined by Karl Fischer.
Rateoftransport,gmmin
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Cone, of H2O in CH2CI2, gm cm~^ x 10"^
Fig^^_^. Rate of H2O transport as a function of concentration using the
acid-form Nafion membrane.
Table 2. Data Obtained with Arid Form Nation in CH2CI2.
ppm wt. ppm vol.
Time Temp H2O in Hygrometer H2O in
hrs °C CH2CI2 Reading Gas Phase
19.'( 910 1173 10,000
19.5 639 1132 8,500
19.5 472 1082 6,300
20.1 367 1028 4,200
20.1 270 978 2,400
21.1 233 939 1,400
21.5 190 900 750
20.1 177 870 430
21.2 155 854 3508
Rate of
H2O Concentration
H2O in Loss of Transport of H2O









0.806 0.341 6.2 X 10'^ 10.3 X lO"**
0.595 0.211 3.8 X 0
( 5-n
7.4 X 10'''
0.463 0.132 2.4 X
\r\1
0 5.6 X lO'''
0.340 0.123 2.3 X 10'^ 4.2 X 10*'*
0.294 0.046 0.8 X 10"^ 3.3 X 10'''
0.240 0.054 1.0 X 10"^ 2.8 X 10'''
0.223 0.017 0.3 X 10'^ 2.4 X lO''*
0.195 0.028 0.5 X 10'^ 2.2 X 10"''
14
in Figs. 4, 5, and 6.
Removal of moisture from 1,2-DCP using acid form Nafion metnbrane.—The
length of Nafion tube used was 91 cm. The 1,2-DCP was dried from an initial con¬
centration of 654 ppm to 536 ppm over a period of 5 hr at a N2 flow rate of 800 ml
per min. There was a sharp drop in the rate of transport of water across the
membrane at the 3rd hr as shown in Table 3. An x-ray analysis of the’membrane
after the experiment revealed the presence of Fe, Ni, Cu, Zn, S and Cl ions on the
membrane pores and this could have led to reduction in the rate of H2O transport
drastically. The S ion was most probably from the membrane since the membrane
was a sulfonic membrane and there was no evidence of S ion in 1,2-DCP. The
predominant ion was the Fe ion. A second run was carried out under the same
conditions, except that the N2 flow rate was changed to 600 ml per min. The 1,2-
DCP was dried from an initial concentration of 930 ppm to 821 ppm over a period of
5 hr. There was also a sharp drop in the rate of H2O transport at the 3rd hr as
shown in Table 4. X-ray analysis revealed mostly Fe ion picked up by the
membrane.
Removal of moisture from 1,2-DCP using 1.0% Cr(III) chloride treated
membrane.—The length of the Nafion tube used was 97 cm. The Nafion was 1.0%
Cr(III) chloride treated. The 1,2-DCP was dried from an initial concentration of 707
ppm to 446 ppm over a period of 5 hr at N2 flow rate of 800 ml per min. -As seen in
Table 5 and Fig. 7, the rate of H2O transport decreased gradually rather than
sharply. X-ray analysis of the membrane before and after the experiment revealed a
small amount of Fe ion pick up by the membrane, about 2.00 percentage area as
compared to the x-ray result of the membrane before the experiment. A second run
with a N2 flow rate of 600 ml per min dried the 1,2-DCP from an initial
concentration of 641 ppm to 432 ppm over a period of 5 hr. Table 6 and Fig. 8 show
Table 3. Data Obtained with Ordinary or Acid Form in 1,2-DCP.
Rate of
H^O Concentration
ppm wt. pprn vol. H^O in Loss of Transport of H2O
Time Temp H^O in Hygrometer H^O in 1,2-DCP H2O gm in 1,2-DCP
hrs °c 1,2-DCP Reading Gas Phase gm gm hr * . -1 -2min cm -3gm cm
0 18.0 654 1114 7,400 0.759
1 19.2 610 830 230 0.708 0.051 9.3 X lO'^ 7.7 X 10"''
2 19.2 570 781 98 0.661 0.047 8.5 X 10'^ -47.2 X 10
3 19.5 558 769 80 0.648 0.013 2.4 X 10"^ 6.9 X 10’^
19.8 548 763 75 0.636 0.012 2.2 X 10"^ 6.8 X lO"*'
5 21.4 536 760 70 0.622 0.014 2.5 X 10"^ 6.6 X 10"''
Table 4. Data Obtained with Acid Form Nation in 1,2-DCP.
ppm wt.















5 19.5 821 751 55
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H2O in Loss of
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0.953 0.010 1.9 X 10.1 X
Table 5. Data Obtained witli a 1.0% Crdll) Chloride Treated Nation in 1,2-DCP.
Rate of
H^O Concentration
ppm wt. ppm vol. H2O in Loss of Transport
of H^O
Time Temp H^O in Hygrometer H2O in 1,2-DCP HjO
gm in 1,2-DCP





21.5 707 1248 16,100
0.824
21.6 627 884 580
0.731 0.093 1.6 X 10'^ 8.2 X 10-"
21.7 578 830
230 0.674 0.057 1.0 X 10'^ 7.4 X 10""
19.2 519 788 120
0.606 0.069 1.2 X 10'^ 6.7 X 10""
19.5 479 771
81 0.558 0.047 0.8 X 10'^ 6.1 X 10'"
21.7 446 765




Fig^. Rate of H2O transport as a function of concentration using a 1.0% Cr(lll)
chloride substituted Nation.
Table 6. Data Obtained with a 1.0% Cr(Ill) Chloride Treated Nation in 1,2-DCP.
Rate of
H^O Concentration
ppm wt. ppm vol. H2O in Loss of Transport of H^O
Time Temp H2O in Hygrometer H^O in 1,2-DCP H^O gm
in 1,2-DCP







19.5 641 1071 6,000 0.747
19.9 573 882 570 0.668 0.079
1.4 X 10'^ 7.4 X 10 ^
19.7 515 833 240 0.600 0.068
1.2 X 10"^ 6.7 X lO”''




21.1 450 782 100 0.524 0.044
0.8 X 10 ^ 5.7 X 10""
. -5
21.4 432 769 80 0.503 0.021 0.4 X




Fifi. 8. Rate of H2O transport as a function of concentration using a 1.0% Cr(III)
chloride substituted Nafion.
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data obtained from the experiment. X-ray analysis of the membrane yielded similar
results to that of the first run. In a third run, the length of the 1.0% Cr(IlI) chloride
Nation membrane was changed to 112 cm. The 1,2-DCP was dried from an initial
concentration of 421 ppm to 319 ppm over a period of 5 hr, at a N2 flow rate of 800
ml per min. Table 7 and Fig. 9 show behavior very similar to those of the two
previous runs. The x-ray analysis of the membrane before and after the run showed
pick up of Fe and Ca ions in small amounts.
Removal of moisture from 1,2-DCP using 0.1% Cr(lII) chloride treated
membrane.—The length of the Nation tube was 107 cm. The membrane was 0.1%
Cr(Ill) chloride treated. The 1,2-DCP was dried from an initial concentration of 460
ppm to 227 ppm over a period of 6 hr at a N2 flow rate of 800 ml per min. Table 8
and Fig. 10 shows data obtained from the experiment. The rate of H2O transport
shows a gradual decline with an irregularity at the fifth hour. The irregularity was
probably due to moisture contamination during handling. X-ray analysis revealed Fe
ion pick up about 20 times that of 1.0% Cr(in) chloride membrane.
Removal of moisture from 1,2-DCP using 0.5% Cr(III) chloride treated
membrane—The length of Nation used was 105 cm and it was 0.5% Cr(lll) chloride
treated. The 1,2-DCP was dried from an initial concentration of 582 ppm to 367
ppm over a period of 5 hr, at a N2 flow rate of 800 ml per min. A look at Table 9
and Fig. 11 shows a steady decrease in the rate of H2O transport and the plot is
very similar to those of 1.0% Cr(III) chloride experiments. The Fe ion pick up was
about 10 times that of the 1.0% Cr(lll) chloride treated membranes.
Removal of moisture from 1,2-DCP using saturated Cr(lll) chloride treated
membrane.—The length of the Nation tube used was 102 cm and was saturated Cr(lll)
chloride treated. The 1,2-DCP was dried from an initial concentration of 524 ppm
Table 7. Data Obtained with a 1.0% Cr (Ill) Chloride Treated Nation in 1,2-DCP.
Rate of Concentration
ppm wt. ppm vol. H2O in Loss of Transport of H2O
Time H2O in Hygrometer H2O in 1,2-DCP H2O gm
in 1,2-DCP







19.4 421 1035 4500 0.491
19.4 376 815 178 0.438 0.053
7.9 X 10-^ 4.9 X 10-"
19.3 355 788 120 0.414 0.024
3.6 X 10-^ 4.5 X 10-"
19.6 340 773 90 0.396
0.018 2.7 X 10-^ 4.3 X 10""
20.1 328 765 77 0.382 0.014
2.1 X 10-^ 4.1 X 10""
21.5 319 759 65 0.372 0.010 1.5




Cone, of H2O in 1,2-DCP, gm cm ^ x 10 ^
9. Rate of H^O transport as a function of concentration using a 1.0% Cr{IIl)
chloride substituted Nafion.
Table S. Data Obtained with a 0.1% Cr(III) Chloride Treated Nation in 1,2-DCP.
Rate of Concentration
ppm wt. ppm vol. H2O in Loss of Transport of H2O
Time H^O in Hygrometer H2O in 1,2-DCP H2O gm in 1,2-DCP
hrs Temp °C 1,2-DCP Reading Gas Phase gm . -1gm hr , -1 -2min cm -3gm cm
21.2 460 934 1250 0.536
21.7 410 761 70 0.478 0.058 9.1 X 10-6 5.3 X 10"^
21.2 367 739 43 0.428 0.050 7.8 X 10-^ 4.8 X 10"''
19.9 332 727 32 0.387 0.041 6.4 X 10-^ 4.3 X 10
20.1 311 722 26 0.362 0.025 3.9 X 10'^ 3.9 X 10-"
21.4 247 719 23 0.288 0.074 11.6 X 10-^ 3.4 X IQ-"




Cone, of H2O in 1,2-DCP, gm cm ^ x 10
Fig. 10. Rate of H2O transport as a function of concentration using a 0.1% Cr(lll)
chloride substituted Nation.
Table 9. Data Obtained with a 0.5% Cr(III) Chloride Treated Nation in 1,2-DCP.
Rate of Concentration
ppm wt. ppm vol. H2O in Loss of Transport of H2O
rime H2O in Hygrometer H2O in 1,2-DCP H2O gm in 1,2-DCP
hrs Temple 1,2-DCP Reading Gas Phase gm . -1gm nr . -1 -2min cm gm cm’^
0 19.8 582 956 1800 0.678
1 21.5 504 765 77 0.584 0.094 1.5 X 10’’ 6.7 X 10'''
2 21.5 451 744 46 0.526 0.058 0.9 X 10'^ 5.8 X 10'''
3 19.5 407 728 32 0.474 0.052 0.8 X 10’^ 5.3 X 10"''
19.6 378 723 27 0.440 0.034 0.5 X 10"^ 4.8 X 10'''





Fig^;_lJ[. Rate of H_0 transport as a function of concentration using a 0.5% Cr(III)
chloride substituted Nation.
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to 338 ppm over a period of 6 hr at a N2 flow rate of 800 ml per min. Table 10 and
Fig. 12 show the rate of H2O transport as nearly constant between the second and
fifth hours. X-ray analysis of the membrane after the experiment showed virtually
no Fe ion pick up.
Removal of moisture from 1,2-DCP with reduced Fe ions using acid form
Nafion membrane.—The length of the Nation tube used was 112 cm and it was the
acid form Nafion. The experiment was run at room temperature. The 1,2-DCP used
was first purified of its Fe ions using a Dowex 50W-X4 type ion exchange bed. The
1,2-DCP was dried from an initial concentration of 643 ppm to 246 ppm over a
period of 3 hr. Table 11 and Fig. 13 show data obtained.
Relative attraction of Nafion For Cr in a Cr/Fe Solution.—Table 12 indicates
the relative attraction of Nafion for Cr in a Cr/Fe solution. The net intensities
were obtained from x-ray analysis of the solutions and the membranes considered.
From the data in the table, the ratio of pick up of Cr(III) ions to Fe(lll) ions by the
Nafion is about 2:1.
Projected capabilities of the different Nafion membranes considered.—Fig. 14
shows the approximate ranges of concentration that could be achieved using the
different types of Nafion under conditions indicated. The 0.5% and 1.0% Cr(lll)
chloride treated Nafion membranes, as indicated on the graph, should be able to dry
1,2-DCP to a range between 350 to 450 ppm. Within this range, it becomes very
difficult to remove moisture from the 1,2-DCP sample without changing the existing
conditions of the experiment. The projected range for 0.1% Cr(III) chloride Nafion is
about 110 ppm, but unfortunately the 0.1% Cr(lII) chloride Nafion showed significant
Fe ion pick up and subsequent loss of transport efficiency. The acid form Nafion
membrane in ferric ion free 1,2-DCP should be able to dry 1,2-DCP to about 300
ppm.
Table 10. Data Obtained with Saturated Cr(lll) Chloride Treated Nation in 1,2-DCP.
Rate of Concentration
ppm wt. pprn vol. H^O in Loss of Transport of H2O
Time H2O in Hygrometer H2O in 1,2-DCP H2O gm
in 1,2-DCP
hrs Temp 1,2-DCP Reading Gas Phase gm gm hr *
. -1 -2
min cm gm cm*^
21.4 524 976 2300 0.611
19.2 428 794 125 0.499 0. 1 12 1.8 X 10"^ 5.8 X 10
19.2 407 764 76 0.474 0.023 0.4 X 0
1
5.1 X 10-"
19.2 387 747 50 0.451 0.023 0.4 X 10'^ 4.9 X 10""
19.5 367 737 42 0.428 0.023 0.4 X 10'^ 4.6 X 10""
20.1 349 731 34 0.407 0.021 0.3 X
I
0 4.4 X 10""
21 .2 338 727 32 0.394 0.013 0.2 X 10"^ 4.2 X 10""6
Rateoftr nsport,gmmin" c
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of H-O transport as a function of concentration using a saturated
CrClII) chloride treated Nafion.


















21.1 643 1087 6600
21.3 417 991 2800
21.5 338 858 370
22.1 294 813 160
22.1 271 789 125
22.1 257 771 81
00 246 759 65
Rate of Concentration
H2O in Loss of Transport of H2O
1,2-DCP H2O gm in I ,2-DCP
gm gm hr * . -1 -2min cm gm -3cm
0.749
0.486 0.263 3.9 X 10’^ 6.5 -4X 10
0.394 0.092 1.3 X 10‘^ 4.6 -4X 10
0.342 0.053 0.8 X 10"^ 3.9 X 10''*
0.316 0.026 0.4 X 10"^ 3.5 X lO"'*
0.299 0.017 0.3 X 10'^ 3.2 0X








Cone, of H2O in 1,2-DCP , gm cm ”^ x 10~^
Fig. 13. Rate of H^O transport as a function of concentration using ordinaryNafion in ferric ion free 1,2-DCP. ^
Table 12. Relative Attraction of Nafion for Cr in Cr/Fe solution.
Nation Membrane
Solution (Net Intensities) (Net Intensities)
Moles Mole Fraction
Cr(III) Fe(III) Cr Fe/Cr Cr Fe Fe/Cr Cr Fe
0.1 1.0 0.09 44.99 1485 66816 19.09 4877 93087
0.5 0.5 0.50 4.53 5752 26050 2.31 17860 41282




Fig. 14. Projected capabilities of different types of Nafion
CONCLUSION
A simple technique was used to determine the rates of H2O transport using
different types of membranes discussed. The rate of H2O transport in liquid varies
appreciably with concentration. It was found that the rate of H2O transport usually
decreased rapidly with decreased moisture content, so the rates calculated in this
manner are averaged values over the range of concentrations considered. Results
indicate that the major contributing factor to the loss of transport efficiency of the
acid membrane in 1,2-DCP was due to plugging of the membrane pores by ions in
1,2-DCP, especially Fe ions. The result obtained when acid membrane was used in
reduced Fe ion 12,-DCP further established that the plugging of the membrane pores
was due to the presence of the Fe ions in the 1,2-DCP because the rate of H2O
transport was good and x-ray analysis revealed no Fe ion pick-up.
35
APPENDIX
Estimate of the Diffusion Coefficient of Water in Nafion Membranes
The mechanism of water transfer across the Nafion membranes is not well
understood especially with the proton being replaced by other cations. We might
calculate the diffusion coefficients using the following equation:
_D
Flux = 6 ([ H2O in sample - H2O in N2] )(conc. in g/cc)
Assumption: H2O in N2 H2O in sample
A plot of the flux vs. concentration of H2O in the sample will give^ as slope, hence
D = Slope X 6
where
D = Diffusion coefficient of H2O in Nafion
5 = Thickness of the membrane wall = 0.019 cm
In the above equation and the consequent diffusion coefficients calculated, it
was assumed that condensation of H2O in the Nafion tube was very unlikely.
It is important to mention that the diffusion coefficients calculated are
averages over the period of the experiment at the particular N2 flow rate and any
other conditions indicated as shown on Table 13.
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Table 13. Estimation of the Diffusion Coefficients in Nafion Membranes.
N2 Y-axis Diffusion
Membrane Flow rate Slope intercept Correlation Coefficient
Type Solvent ml min * cm'^ min'* gm cm'^ min'* Coefficient -2 -1cm rnin
Acid form CH2CI2 800 0.053 -2.4 X 10'^ 0.936 1.01 X 10'^
Acid form CH2C12 800 0.070 -1.2 X 10'^ 0.988 1.33 X 10'^
Acid form 1,2-DCP 800 0.091 -9.0 X 10'^ 0.900 1.73 X 10'^
Acid form 1,2-DCP 600 0.076 -4.8 X 10'^ 0.900 1.44 X 10'^
1.0% Cr(lll)
ctiloride treated 1,2-DCP 800 0.035 -1.3 X 10'^ 0.904 1.14 X 10'^
1.0% Cr(lll)
chloride treated 1,2-DCP 800 0.063 -2.4 X 10'^ 0.952 1.2 X 10'^
1.0% Cr(Hl)
chloride treated 1,2-DCP 600 0.049 -2.2 X 10'^ 0.900 0.93 X 10'^
0.5% Cr(Ill)
chloride treated 1,2-DCP 800 0.056 -2.3 X 10'^ 0.982 1.06 X 10'^
Saturated Cr(III)
chloride treated 1,2-DCP 800 0.092 -3.9 X 10'^ 0.881 1.75 X 10'^
Acid form ion-free
1,2-DCP
800 0.108 -3.3 X 10'^ 0.988 2.05 X 10'^
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